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PREFACE 


For  many  years,  the  -/pe  certification  requirements  have  treated  the 
establishment  of  rending  distances  in  a  highly  empirical  manner.  The 
preamble  to  Special  Civil  Air  Regulations,  SR-422,  specifically  stated 
that  long  range  studies  on  the  rationalisation  of  this  stage  of  air¬ 
plane  Performance  have  not  yet  produced  any  satisfactory  results. 

Prior  to  any  rationalization  of  the  landing  distance  requirement,  it 
would  be  necessary  to  review  and  analyze  the  typical  scheduled  air 
carrier  performance  in  the  landing  regime.  To  ^bis  end,  the  Flight 
Test  Branch  of  the  Federal  Aviation  Agency  performed  e  phototheodolite 
survey  of  turbine  powered  landing  operations  at  four  airports  considered 
representative  of  the  range  of  normal  operations  in  the  D.  5.  A. 

Tne  analysis  and  results  of  this  survey  are  contained  herein  in  a  form 
adaptable  for  formulation  of  an  approach  to  a  rationalized  landing 
distance  requirement. 


A3STRACT 


This  report  contains  the  results  of  phototheodolite  data  accumulated 
on  183  daylight  landing  operations  of  scheduled  air  carriers  flying  the 
Boeing  707,  7073,  720,  720B,  Convair  C7-880,  and  Douglas  DC-8  jet  air¬ 
plane  models.  Ibese  measurements  were  obtained  during  the  months  of 
June  and  July  1961  at  Chicago  O’ Hare  Airport,  San  Francisco  International 
Airport,  Denver  Stapelton  Airport,  and  Dallas  Love  Field. 

The  parameters  included  in  this  report  are  the  approach  angle,  distance 
to  threshold  of  the  f if ty-feet-height  point,  the  flare-point  height  and 
distance  to  threshold,  the  threshold  height  and  speed,  the  main  gear 
touchdown  speed  and  distance  from  threshold,  the  speed  bleedoff  from 
threshold  to  touchdown,  the  nose  gear  down-time  after  main  gear 
touchdown,  and  the  spoilers  up-time  after  main  gear  touchdown. 

These  parameters  are  statistically  presented  in  the  form  of  relative 
frequency  distributions  (histograms) ,  cumulative  frequency  distributions 
(probability  curves),  and  as  probability  distributions  in  two  dimensions 
(curves  of  equal  probability).  The  calculated  values  of  arithmetic  mean, 
standard  deviation,  skewness  and  kurtosis  factors  are  shown  in  tabular 
fora  and  on  the  actual  curves. 
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SYMBOLS 

Vs  Stall  Spaed,  knots  (CAS) 

Threshold  Speed,  knots  (CAS) 

?th^s  Threshold  Speed  Ratio 

Vt(j  Touchdown  Speed,  knots  (CAS) 

^td/^s  Touchdown  Speed  Ratio 

¥3  Sieedoff  speed,  knots  (CAS) 

=  ?th  ~  vtd 

Vg/Vs  Bleedoff  Speed  Ratio 

Sp  Flare-point  distance  to  threshold,  feet 

(Distance  necessary  t-  reach  threshold.) 

S50  50-foot  height  point  distance  to  threshold,  feet 
(Distance  necessary  to  reach  threshold) 

Sigz  Main  gear  touchdown  distance  from  threshold,  feet 

Hp  Flare-point  height,  feet 

Sfcjj  Threshold  height,  feet 

Hth/50  Threshold  height  ratio 

CKW  Hosevb.ee!  down  tins  fron  touchdown,  seconds 
csp  Spoilers  up  tine  fron  touchdown,  seconds 
9  Approach  angle,  degrees 

9/3.0  Approach  angle  ratio 
K  Humber  of  observations  in  samplc- 

X  Arithmetic  mean  value  j£  sample 

6"  Standard  deviation  of  sample  distribution 

Skewness  factor  of  sample  distribution 
(c£.3)/  Skewness  factor  of  population 


(CONT’D) 
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Kurtosis  factor  cf  sample  distribution 
Kurtosis  factor  cf  population 

Mode,  or  location  of  highest  point  of  mathematical  raoiel 
Probability 
Frequency- 

Landing  --eight  in  pounds 


OL  a 

*4 

(etc/ 

M 

p 

/» 

w 
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PRESENTATION  AND  ANALYSIS  OF  DATA 


The  relationships  that  have  been  established  are.  in  general,  straight¬ 
forward  and  need  no  explanation.  For  this  analysis,  the  landing  require¬ 
ments  as  set  forth  in  Special  Civil  Air  Regulation  SR-422B  has  been  used 
as  the  foundation  around  which  the  study  has  been  devoted.  The  specific 
portion  of  the  landing  requirement,  section  4T. 122,  are  repeated  herein 
for  continuity: 

a.  The  landing  distance  shall  be  the  horizontal  distance 
required  to  land  and  to  come  to  a  complete  stop  from  a 
point  at  a  height  of  50  feet  above  the  landing  surface 

b.  The  landing  shall  be  preceeded  by  a  steady  gliding 
approach  down  to  the  50-foot  height  with  a  calibrated 
airspeed  of  not  less  than  1.3VS 

Tc-  further  define  the  steady  gliding  approach,  an  angle  of  three  degrees 
has  been  used  as  the  one  most  often  considered  in  any  attempt  to  establish 
a  quantitative  approach  to  the  landing  requirement.  Additionally,  the 
50-foot  height  and  the  flare  height  have  been  set  forth  so  that  a  visual 
comparison  can  be  made  between  the  operational  landing  and  the  type 
certification  landing.  In  all  cases,  the  approach  angle  set  forth  is 
that  which  occurred  just  prior  to  the  flare-point  in  the  flightpath. 

The  flare  height  and  the  flare  distance  to  the  threshold  were  deter¬ 
mined  by  the  point  at  which  the  flightpath  departed  from  the  straight 
line  plot  of  the  airplane  height  versus  ground  distance.  It  is 
emphasized  here  that  this  point  represents  the  reaction  of  the  airplane 
and  not  the  initiation  of  the  flare  action  by  the  pilot. 

Finally,  the  speed  bleed  off  between  threshold  and  touchdown  has  been 
established  on  the  realization  that  any  rationalized  landing  procedure 
may  require  a  definition  of  the  spead  loss  from  threshold  to  touchdown 
as  well  as  the  touchdown  distance  to  insure  the  most  reproducible  type 
landing.  All  speeds  presented  are  calibrated  airspeeds  obtained  by 
correcting  the  ground  speed  of  the  airplane  by  the  applicable  wind 
component  and  density  ratio.  The  lack  of  data  on  ground  effect  and  the 
dynamic  effect  of  the  airplane  maneuver  precluded  use  of  indicated 
airspeed. 

The  landing  parameters  for  each  individual  landing  are  given  in  Tables  I 
through  IV  £-  the  end  of  this  report.  These  data  were  grouped  into 
appropriate  class  intervals  of  equal  width  in  the  form  of  grouped  frequency 
distributions.  Careful  attention  was  given  to  grouping  the  observed  data 
<=o  that  class  boundaries  covered  the  whole  range  of  the  observed  values 
without  gap  or  overlap,  whereever  possible.  The  arithmetic  mean  (X)  , 
standard  deviation  (6~  ),  asymmetry  or  skewness  factor  (0L3),  and  flatness 
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or  kurtosis  factor  (0L4),  were  determined  for  each  distribution  using 
methods  of  moments  outlined  in  reference  (1).  The  coefficients  are 
tabulated  in  the  summary  table  for  all  aircraft  and  airports  combined 
together.  The  data  are  also  summarized  as  relative  frequency  distri¬ 
butions  (histograms),  and  cumulative  frequency  distributions  (probability 
curves).  The  relative  frequency  distributions  pictorialiy  show  the  shape 
of  the  distribution,  while  the  cumulative  frequency  plots  on  semi- log 
paper  show  the  probability  of  exceeding  or  not  exceeding  a  given  value 
of  the  parameter.  The  figure  numbers  for  the  graphical  presentation  of 
each  parameter  are  indexed  in  the  summary  table. 

Since  it  is  expected  that  most  pilots  will  endeavor  to  make  relatively 
consistent  approaches  and  landings,  deviations  around  certain  speeds 
and  heights  are  expected,  to  be  normally  distributed.  Accordingly, 
tests  for  normality  were  applied  to  each  distribution  by  calculating 
the  95  percent  confidence  limits  of  these  population  parameters  on 
the  basis  of  a  sample  skewness  and  kurtosis,  using  criteria  of 
reference  (2) . 

The  95  percent  confidence  limits  of  the  population  parameter  can  be 
determined  on  the  basis  of  a  single  sample  and  would  indicate  an 
interval  that  will  include  the  value  of  the  population  parameter  95 
percent  of  the  time,  i.e.,  the  probability  associated  with  the  given 
interval  is  (0.95)  before  the  sample  is  drawn. 

The  95  percent  confidence  limits  for  skewness  and  kurtosis  are  as  follows 


=  0.95 

=  0.95 


The  above  expressions  correspond  to  approximately  the  95  percent 
probability  level;  that  is,  if  an  unbiased  sample  were  drawn  from  a 
normal  population,  the  value  of  the  skewness  factor  (0L3)  and  the 
kurtosis  factor  (OL4)  for  the  sample  could  have  any  value  within  the 
above  limits  in  95  out  of  100  times  a  sample  of  size  (N)  was  drawn 
from  that  normal  population. 

The  foregoing  tests  were  applied  and  the  normal  curve  was  fitted  to 
the  data  in  each  case  when  the  skewness  factor  was  within  the  limits 
for  normality  or  symmetry.  If  the  skewness  factor  indicated  significant 
skewness,  the  Pearson  Type  III  curve  was  fitted.  Generally,  when  the 
confidence  limit  for  the  skewness  factor  indicates  symmetry  or  normality, 
the  confidence  limit  for  the  kurtosis  factor  also  indicates  normality. 


<> 
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However,  for  the  threshold  speed  ratio,  the  confidence  Units  .'ere  so 
marginal  that  both  the  normal  and  Pearson  Type  III  curves  were  fitted 
for  completeness  of  presentation.  For  clarity,  the  type  of  curve  fitted 
is  noted  for  each  probability  curve. 

In  addition  to  plotting  the  probability  distributions  for  each  parameter 
independently,  bivariate  probability  envelopes  have  been  drawn  for 
flare-point  height  versus  flare-point  distance  to  threshold,  ana  bleed- 
off  speed  versus  touchdown  distance  from  threshold,  and  the  envelopes 
were  fitted  around  the  mean  values.  The  curves  are  fitted  to  the  data 
by  methods  outlined  in  reference  (3).  This  reference,  however,  only 
treates  the  joint  probability  of  two  normally  distributed  variables. 

When  the  tests  for  normality  show  the  skewness  factor  to  be  greater  than 
the  confidence  limit,  the  basic  method  is  applied  to  the  siewly  distri¬ 
buted  variables  by  transforming  from  the  skewed  function  to  the  normal 
function,  using  the  method  of  reference  (2)  and  the  area  tables  for  the 
normal  and  Pearson  Type  III  curves  given  in  reference  (i).  The  valaes  f 

of  (P)  for  each  curve  in  figures  25  and  26  indicate  the  probability  that 
a  combined  value  of  the  two  variables  will  be  outside  th»  envelope  crrv*_ 
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In  fitting  the  normal  curve,  it  was  assumed  that  only  chance  errors  were 
present  and  that  the  arithmetic  mean  represented  the  best  approximation 
of  the  true  value  of  mean  of  universe.  The  normal  curve  is  only  one  of 
a  number  of  kinds  of  curves  which  may  be  fitted  to  a  relative  frequency 
distribution.  It  should,  in  no  sense,  be  thought  of  as  a  form  having 
general  applicability  to  all  distributions.  The  suitability  of  the  normal 
cur/e  for  any  particular  relative  frequency  distribution  can  be  established 
by  using  the  guides  set  forth  in  reference  (8).  Those  guides  indicated 
that  the  data  for  threshold  speed  ratio  (figure  11)  was  on  the  border  line 
between  the  symmetrical  and  asymmetrical  distributions.  This  data 
evantually  was  also  treated  as  the  skewed  distribution. 

ASYMMETRICAL  DISTRIBUTIONS 

The  problem  of  fitting  the  mathematical  model  curve  to  the  experimental 
data  becomes  more  complicated  if  the  relative  frequency  distribution  is 
not  symmetrical ,  bat  is  skewed  or  asymmetrical.  Examination  of  the 
values  cf  the  statistical  parameters  (oi.  3)  and  (064)  given  in  Summary 
Table,  and  the  application  cf  statistical  tests  of  normality  indicated 
that  for  distributions  other  than  given  in  figures  3,  11,  and  15,  the 
amount  of  skewness  is  significantly  greater  than  what  would  be  expected 
if  the  samples  were  from  the  normal  universe  or  population.  All  of  the 
relative  frequency  distributions  have  a  positive  skewness,  i.e. ,  they 
are  skewed  to  the  right. 

There  are  a  great  many  types  of  skewed  theoretical  curves  which  may  be 
fitted  to  asymmetrical  relative  frequency  distributions.  Selection  of 
any  particular  skewed  theoretical  curve  depends  upon  the  availability 
of  computational  facilities,  desired  degree  of  accuracy  in  fitting,  and 
whether  the  cumulative  frequency  tables  are  readily  available  or  not. 

The  distribution  that  could  have  been  particularly  useful  in  this  analy¬ 
sis  because  it  is  convenient  to  deal  with  mathematically,  is  Gamma 
distribution  as  described  in  reference  (6).  The  cumulative  frequency 
distribution  cf  this  function  is  called  the  "Incomplete  Gamma  Function" 
and  has  been  extensively  tabulated  by  Karl  Pearson.  But  such  tables 
are  not  in  common  use,  nor  readily  available. 

Since  Gamma  distributions  are  essentially  the  same  as  Type  III  curves 
of  Pearson,  there  appeared  the  tenable  solution.  The  Pearson  Type  III 
distribution  curves  were  used  because  they  were  compatible  to  the  ideal 
distribution  curves  represented  by  Gamma  function.  Also,  the  Pearson  III 
distribution  curves  form  three-parameter  family;  i.e.,  the  parameters  for 
a  particular  distribution  could  be  determined  from  the  mean  value,  the 
standard  deviation,  and  the  coefficient  of  skewness  of  the  distribution. 

In  addition,  the  actual  computations  of  these  Pearson  Type  III  curves 
was  facilitated  by  the  availability  of  cumulative  frequency  distribution 
tables  given  in  reference  (A). 
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PROBABILITY  DISTRIBUTIONS 

The  results  of  the  above  consideration  are  presented  as  probability 
curves  in  figures  enumerated  in  the  Summary  Table.  The  data  points, 
shown  on  the  probability  curves,  represent  cumulative  frequencies  of 
observed  quantities  for  the  previously  determined  class  interval. 

The  mathematical  models  were  used  to  smooth  out  the  irregularities  in 
the  observed  data,  to  provide  the  systematic  fairing  of  data,  and 
to  permit  extrapolation.  The  purpose  of  extrapolation  is  to  have  some 
indication  of  the  magnitude  of  various  quantities  likely  to  be  equaled 
or  exceeded  in  a  greater  number  of  landings  than  were  actn  ally  observed. 

Inspection  of  probability  graphs  indicates  that  the  above  assumption 
was  valid,  and  the  theoretical  curves  indicated  a  reliable  representation. 

The  statistical  sample  was  183  landings.  The  contents  of  these  183 
landing  samples  with  regard  to  numbers  of  various  airplane  types 
appears  neither  pertinent  nor  significant  as  far  as  the  results  of  this 
report  are  concerned.  Such  contents  were  given,  however,  as  a  matter 
of  interest  in  the  second  column  of  Tables  I  through  rv. 


CONCLUSIONS 


This  report  presents  the  results  of  a  statistical  approach  to 
analyzing  operational  landing  parameters.  The  principal  conclusions 
as  indicated  by  Figures  1  through  26  of  Appendix  "B"  are: 

(1)  There  is  little  correlation  between  the  typical  airline 
operation  and  the  operation  used  to  demonstrate  landing 
distances  during  type  certification. 

(2)  The  mean  operational  approach  angle  is  less  than  three 
degrees  and  the  airplane  is  flared  prior  to  crossing 
the  threshold. 

(3)  The  mean  threshold  speed  is  nine  knots  faster  than  the 
corresponding  value  used  during  type  certification 
demons  trat ions. 

(4)  The  mean  threshold  height  is  30  feet  lower  than  the 
corresponding  value  used  in  type  certification. 

(5)  The  mean  touchdown  distance  is  1,510  feet  from  the 
threshold  with  the  range  of  touchdown  distances 
extending  from  220  to  4,710  feet  from  the  threshold. 

(6)  The  mean  touchdown  speed  is  equal  to  the  threshold  speed 
set  forth  in  the  type  certification  requirements. 

(7)  The  mean  nosewheel  down  time  occurs  three  and  six- tenths 
seconds  after  main  gear  touchdown,  with  spoilers  up- time 
occurring  two  and  one-tenth  seconds  later. 

(8)  As  indicated  by  the  bivariate  probability  envelope,  there 
is  no  significant  correlation  between  the  flare-point 
height  and  flare-point  distance  to  threshold,  and  between 
the  :peed  bleed-off  and  the  touchdown  distance. 
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FIGDRES  1  THRODGH  26 


<9/3°,  APPROACH  ANGLE  RATIO 
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FIGURE  2,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
APPROACH  ANGLE  RATIO 


N  =  183  q3  =  0  591 
X  =  939  a4  =  3.385 

ar  =  .240  Mode=0.868 


LEGEND 


A  O  ^  Observed  cumulative 
frequency  distribution 


Pearson’s  typeM 
distribution 


*50 , 50'-  HEIGHT  DISTANCE  TO  THRESHOLD  IN  100  FEET 


PROBABILITY 


FIGURE  4,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
50' -HEIGHT  DISTANCE  TO  THRESHOLD 


N  =  183  a3=  0.282 

X  =755  ft.  a  4«  3.202 
or =339  ft.  Mode  =  707  ft. 


LEGEND 

A  O  ^Observed  cumulative 
frequency  distribution 


Normal  frequency 
distribution 


FIGURE  5,  FREQUENCY  DISTRIBUTION  OF  FLARE  POINT  DISTANCE  TO  THRESHOLD 


FLARE  POINT  OISTANCE  TO  THRESHOLD  IN  IOO  FEET 


PROBABILITY 


FIGURE  6,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
FLARE  POINT  DISTANCE  TO  THRESHOLD 


N  ® 183 

LEGEND 

a3»0.6IO 

A  0~  Observed  cumulative 
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04*  3.108 

frequency  distribution 
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Mode -205  ft. 

'"'■'Pearson  type  HI 

'  distribution 

-8  -6  -4  -2  0  2  4  6  8  10  12  14  16  18  20 

SF  ,  FLARE  POINT  DISTANCE  TO  THRESHOLD  IN  100  FEET 


FIGURE  7,  FREQUENCY  DISTRIBUTION  OF  FLARE  POINT  HEIGHTS 


FLARE  POINT  HEIGHT  IN  FEET 


FIGURE  8,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 

FLARE  POINT 

HEIGHT 

LEGEND 

N  =183 

a  3=0.9I6 

A  O  <■-'  Observed  cumulative 

X  =32.0  ft. 

04  =  3.884 

frequency  distribution 

o-  =15.1  ft. 

Mode  =  25.1ft. 

Pearson  type  III 
'  distribution 

H 


(P)  That  height  will  ' 
exceed  indicated  value 


Hc,  FLARE  POINT  HEI6HT  iN  FEET 
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P~  PROBABILITY 


FIGURE  10,  PROBABILITY  DISTRIBUTION  FOR  THRESHOLD 


HEIGHT  RATIO 

LEGEND 

N  =  I83 

a3  =  0.773 

AO 

Observed  cumulative 

X  =  0.399 

<*4  -  3.869 

frequency  distribution 

or  =0.200 

Mode -0.322 

r*s  Prearson  type  HI 
distribution 

(Kfh/50),  THRESHOLD  HEIGHT  RATIO 


FIGURED,  FREQUENCY  DISTRIBUTION  OF  THRESHOLD  SPEED  RATIO 


(Vfh/Vg),  THRESHOLD  SPEED  RATIO 


PROBABILITY 


FIGURE  12  a,  PROBABILITY  OR  EXCEEDING  OR  NOT  EXCEEDING 
“HRESHOLD  SPEED  RATIO 


N=!77  -  0  358 

X  =139  04=3.219 

a -0.085  Mode  =1374 


LE6END 

AO~  Observed  cumulative 
frequency  distribution 


Pearson  type  IE 
distribution 
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(Vtt,/Vs),  THRESHOLD  SPEED  RATIO 
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FIGURE  12  b,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
THRESHOLD  SPEED  RATIO  V|h/Vs 
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FIGURE  13,  FREQUENCY  DISTRIBUTION  FOR  MAIN  GEAR  TOUCHDOWN  DISTANCE 
FROM  THRESHOLD 
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FIGURE  19,  FREQUENCY  DISTRIBUTION  OF  BLEEDOFF 
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FIGURE  20,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
BLEEDOFF  SPEED  RATIO 
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FIGURE  22,  PROBABILITY  OF  EXCEEDING  OR  NOT  EXCEEDING 
NOSE  WHEEL  TOUCHDOWN  TIME  FROM  MAIN 
WHEEL  TOUCHDOWN 
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FIGURE  23,  FREQUENCY  DISTRIBUTION  OF  SPOILERS  UP 
TIME  FROM  MAINGEAR  TOUCHDOWN 
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FIGURE  25,  PROBABILITY  THAT  COMBINED  VALUES  OF  FLARE-POINT  HEIGHT 
AND  FLARE- POINT  DISTANCE  TO  THRESHOLD  WILL  LIE 
OUTSIDE  OF  GIVEN  ENVELOPE 
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